Abstract: For a GaAs filled metallic hole array on a pre-epi GaAs substrate, the free carriers, generated by three-photon absorption (3PA) assisted by strongly enhanced local fields, reduce the refractive index of GaAs in ~200-nm thick active area through band filling and free carrier absorption. Therefore, the surface plasma wave (SPW) resonance, and the related second harmonic (SH) spectrum blue shifts with increasing fluence; For the plasmonic structure on a substrate with surface defects, free carrier recombination dominates. The band gap emission spectral peak wavelength decreases 10-nm with increasing fluence, showing the transition from nonradiative-, at low excitation, to bimolecular-recombination at high carrier concentrations.
Introduction
The interaction of nanoscale metals with light is characterized by surface-bound charge density oscillations of their free electrons in resonance with the driving electromagnetic field [1] . The coupling of the surface plasmon waves (SPWs) with local cavity resonances strongly enhances local electromagnetic fields [2, 3] . Most reports have concentrated on the nonlinear second harmonic generation as a function of intensity [4] [5] [6] [7] [8] [9] ; additionally there are shifts from local field enhanced plasmonic structure. However, the SHG intensity or conversion efficiency is very low for real applications due to the nanoscale active volume. The reported highest conversion efficiency is still less than 10 −5 [10] . As described in our previous paper [10] , free carriers N e , generated by three photon absorption associated with the enhanced local field intensity in the plasmonic structure, attenuates the SHG. Thus, the conversion efficiency is limited even with high pump intensity. Here, we report a SH spectral shift with increasing fluence, which reflects the local carrier concentration variation under optical excitation. At room temperature (297K), with increasing fluence at a GW/cm 2 scale, the spectral peak and linewidth variation of the second harmonic generation (SHG) and bandgap emission (BE, photoluminescence PL) from GaAs filled metallic hole arrays follows the trends of their intensity. The high concentration of free carriers N e , not only attenuates the fundamental intensity, but also affects the dielectric constant of GaAs ε(ω) [10] , through a Drude interaction [11] . The dielectric constant decreases (∆n < 0) with increasing fluence due to bandfilling and free carrier absorption [12] . The SPW resonance frequency, given approximately by a simple kinetic model (momentum conservation) [2, 3] blueshifts with the decreasing dielectric constant. Therefore, the fundamental near-infrared output spectrum, resulting from the first order transmission spectrum of the plasmonic structure [13] , is reshaped and shifted [14] , confirming the free carrier induced SHG spectral shifting. Compared with the SHG spectral shifting from the GaAs filled metallic structure, the SHG spectral peak from a bare GaAs substrate is constant at half of fundamental wavelength with the same input peak power. The result confirms that free carriers generated by multi-photon absorption associated with the local enhanced fields in the plasmonic structure affect the dielectric constant and the resulting SHG spectrum.
When the plasmonic sample is thinned by back-side etching, surface defects are introduced. Free carrier recombination dominates at room temperature. The SHG spectrum shifts slightly but the PL spectrum shifts more dramatically, by about 15 nm with increasing fluence, due to the transition from nonradiative carrier recombination at low excitation to bimolecular radiative recombination at high carrier concentration. When the sample is cooled down to 77K, the SHG and BE spectra exhibit constant peak wavelengths with narrowed linewidths.
The sample is fabricated on a double polished pre-epi GaAs substrate with GaAs posts (110-nm height) extending through holes in Au film arrays (540-nm pitch; 220-nm diameter, 100-nm height). The fabrication flow and structure have been described in Ref [10] . The linear spectrum is measured by Fourier transform infrared spectroscopy (FTIR). The first order SPW coupling (observed as a transmission dip) is at 1880-nm and the coupled first order transmission peak is at 2190-nm [13, 14] . The unit cell includes one GaAs post. By using a near infrared (~2090-nm) fundamental wavelength at normal incidence, the SPWs are coupled into local modes with strongest enhanced electric fields E x and E z , which give the dominant contribution to the SHG, as shown in Ref [10] , as a result of the 43m GaAs crystal point group
We exploited the measurement setup described in Ref [10] . A pulsed laser with 200 fs pulse duration and 1 kHz repetition rate with a tunable wavelength is focused to the backside of the test sample at normal incidence. The fundamental laser pulse is 70-nm linewidth at near-infrared (NIR). The sample is located in a Dewar for ambient temperature control. Both the band gap photoluminescence (BE) and the second-harmonic radiation are collected and focused to a monochrometer and InGaAs detector with a scanning wavelength from 800-to 1700-nm.
Free carrier refraction from plasmon-coupled hole arrays on a pre-epi GaAs substrate at 297K
The SHG signal is monitored as the incident wavelength is tuned from 1900-to 2200 nm across the fundamental SPW resonance at different fluences. The SH signal around 1045-nm wavelength and BE signal at 890-nm wavelength are monitored as a function of the fundamental fluence. As shown in Fig. 1 , with the increase of fundamental intensity, no dramatic shift is observed in the BE spectrum, while the SHG spectrum blueshifts from 1045 to 1020-nm as the fluence is increase from 7-to 127-GW/cm 2 . Fig. 1 . At 297K, for the plasmonic structure on a 500µm double polished pre-epi GaAs substrate, (a) BE (PL) spectral peak only slightly shifts (~890 nm); (b) SH spectral peak blueshifts from 1045 to 1023-nm with increasing fluencies from 7-to 127-GW/cm 2 .
The output response of SHG and BE is spectrally integrated and plotted versus the 2090-nm fundamental intensity (input pulse peak power) as shown in the Fig. 5 in Ref [10] . At 297K, for the GaAs substrate at low input peak power <10 GW/cm 2 , no SH signal was observed. A weak SH signal was observed at higher input peak powers with a slope of 1.1 due to weak focusing. The BE signal increases as the third power of the fundamental fluence. At 297K, for the plasmon coupled hole arrays, the SHG exhibits the expected quadratic power law dependence I 2ω ∝ I ω 2 at low input power (< 10 GW/cm 2 ), then saturates, with two orders enhancement compared with that of bulk GaAs. The BE signal appears at incident intensities coincident with the saturation of the SHG with a slope of 2.8. The free carrier generation across the GaAs bandgap is excited by 3PA at the fundamental frequency [10] . Fig. 2 . At 297K, for the plasmon-coupled structure on a double polished 500 µm thick double polished pre-epi GaAs substrate, the spectral peak and linewidth (measured in squares and simulated in solid line) variation with increasing fluences: (a) SHG spectral peaks blueshift from 1045-to 1023-nm shows strong refractive index changes due to bandfilling (in red) and free carrier absorption (FCA) (in blue) and the combined effects (bandfilling and FCA in green); (b) BE spectral peak wavelength (PL) shows 3PA generated carriers recombination without obvious spectral shifting; (c) Linewidth of SHG spectra are broadened from 30-to 58-nm, evidencing the negative ∆n with increasing fluences; (d) the linewidth of BE spectrum does not show obvious linewidth broadening.
At room temperature, for the plasmonic structure on a pre-epi GaAs substrate, the spectral peak wavelength and the full width half maximum (FWHM, linewidth) of SHG and BE with fundamental intensity in linear-log coordination have been plotted in Fig. 2 . The SHG peak wavelength is constant at 1045-nm with input peak power from 1 to 10-GW/cm 2 , and then blue shifts from 1045-to 1023-nm with the input peak power from 10 to 100-GW/cm 2 as shown in Fig. 2(a) . The BE spectral peak is relatively constant with increasing fluences, as shown in Fig. 2(b) . The linewidth of SHG spectrum is broadened from 30 nm to 58 nm with increasing fluence, as shown in Fig. 2(c) . The linewidth of BE spectrum is relatively constant with increasing fluence, as shown in Fig. 2(d) . The trend of wavelength shift of SHG peak with increasing input peak power is consistent with that of the intensity of SHG with increasing input peak power as the Fig. 5 in Ref [10] . However, for a bulk GaAs substrate at the same temperature, the wavelength peak of SHG and PL are constant at 1050/1040nm and 890/900nm. Therefore, the free carriers generated by the nonlinear 3PA, associated with the enhanced localized electric field with an four orders enhanced coefficient of 3PA from each unit cell [4] , introduces a refractive index change and a consequent spectral shift.
We assume the input pulse has a Gaussian temporal shape with FWHM τ (200 ( )
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The high carrier concentration contributes refractive index change due to bandfilling and free carrier absorption (FCA). With the lowest energy states in the conduction band filled, electrons from the valence band require energies greater than the nominal bandgap to be optically excited into the conduction band through 3PA. Hence, there is a decrease in the absorption coefficient ( ) [12] . When the conduction band is filled with electrons, the absorption coefficient is expressed
f E is the probability of a valence band state of energy E a being occupied by an electron and
f E is the probability of a conduction band state of energy E b being occupied by an electron. The detailed derivation of Eq. (3) is referred in Ref [12] .
The refractive index change associated with the free carriers, The total index change (Eq. (5)) will introduce the wavelength shift of SPWs. The kinetic model is expressed in the Eq. (6). The shift of linear transmission peak due to the index change is approximately that of the SPW resonance [2, 3] . The linewidth of linear transmission spectrum (ranging from 1.9 to 2.7-µm) coupled by the first order SPWs is ~500 nm [10] . The input Gaussian shaped laser pulse at the fundamental wavelength (2.09 µm) with ~70 nm linewidth is within the linear transmission spectrum of the plasmonic structure [14] . The shift of the linear spectrum will reshape the input laser pulse. The wavelength of pulse peak will shift with the linear transmission spectrum. The spectral peak of 2
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λ λ = is plotted in Fig. 4(a) with index changed by band filling (in red) and FCA (in blue). The SHG shift due to the index change resulting from FCA is significant compared with that resulting from band filling. The fundamental intensity is magnified to the order of 10x in simulation for comparing experiment data. The difference of fundamental intensity between experiment and simulation may be due to the inaccuracy of nonlinear coefficiencies and scattering loss in instrument during measurement [10] .
The frequency linewidth due to index change, as expressed as Eq. (7), is converted to wavelength linewidth of index change
, where p t is the time for a pulse passing through the active layer of GaAs (~100nm) [10] . Therefore, the linewidth of the SHG spectrum is broaden with the ( 0) n ∆ < decrease under increasing fluences. The index decrease is resulted from high free carrier concentration pumped by increased input peak power. The broaden linewidth of SHG from Eq. (7) fits the experimental data trend as shown in Fig. 4(c) .
Carrier recombination from plasmon-coupled hole arrays on a 20 µm wet etched GaAs substrate at 297K
A ~2 mm diameter hole was etched from back side of the sample by using a solution of H 2 SO 4 : H 2 O 2 : H 2 O (1:8:1). The remaining GaAs substrate under the plasmonic structure was ~20 µm thick with a mirror like etched surface full of submicron scale porous and particles. The serious surface defects are likely to be damage to the GaAs giving rise to a decrease in nonradiative recombination time τ NR compared to bulk material [10] .
The line-width integrated BE and SH intensities versus fundamental intensity are plotted in Fig. 3 in a log-log coordination. At 297 K, the SHG saturates at the same threshold input peak power, ~10 GW/cm 2 , as that for the plasmon-coupled structure on pre-epi GaAs substrate. However, the PL intensity shows a trend from 3rd, to 9th, and back to 3rd order dependence on the incident fluence. The BE intensity shows I BE ∝ I ω 2.5 at fundamental power from 10 to 25-GW/cm 2 . It is then strongly enhanced at fundamental power from 25 to 40-GW/cm 2 with 9th order fundamental intensity dependence, compared with the signal from the plasmon-coupled structure on the pre-epi GaAs substrate with 3rd order fundamental intensity dependence, even under 3PA excitation [10] . The BE power scales back as I BE ∝ I ω 2.6 at the input peak power higher than 40 GW/cm 2 . The trend of BE intensity vs. input peak power, as been done in Ref [10] , is due to the transition from nonradiative to bimolecular radiativedominated carrier recombination. The radiative recombination carrier density vs. input peak power with τ NR = 0.1 ns, simulated and plotted in Fig. 3(b) , as done in Ref [10] , shows the transition from nonradiative at low excitation to bimolecular recombination at high carrier concentrations. The model explained the experimental data clearly. The simulated radiative recombination carrier density vs. input peak power with τNR = 0.1 ns in log-log plot. Fig. 4 . At 297K, for the plasmon-coupled structure on a 20 µm thick GaAs substrate with surface defects by wet etching, the spectral variation of SHG and BE vs the increasing fluences in linear-log plots: (a) SHG spectrum is constant at 1045-nm with 2090-nm fundamental wavelength at low irradiance (1-to 10-GW/cm 2 ) and shows minor refractive index changes (5-nm) at high irradiance (10-to 100-GW/cm 2 ) and (b) BE (PL) spectrum wavelength shows optical frequency switch from 900-to 887-nm with increase of fluence from 25 to 50 GW/cm 2 . (c) Linewidths of the SHG spectra are unchanged from 1-to 100-GW/cm 2 ; (d) the BE spectrum shows an averaged 45nm linewidth.
The SHG spectrum peaks and BE spectrum peaks wavelength vs input peak power were plotted in linear-log plots in Fig. 4s . As shown in Fig. 4(a) , the SHG spectral wavelength is constant at fluences from 1-to 10-GW/cm 2 , and then blue shifts slightly at fluences from 10-to 100-GW/cm 2 due to the band filling induced refractive index change, as simulated in Fig.  2(a) . In Fig. 4(b) , the wavelength of PL peaks shows switch trend which consists with trend of the BE intensity dependence of fluences as shown in Fig. 3(a) . The PL happens at ~900-nm at low fluences (10-to 25-GW/cm 2 ), blueshifts to 887-nm rapidly with input peak power > 50-GW/cm 2 . The linewidth of SHG, as shown in Fig. 4 (c) is constant with increasing peak power due to slightly varied refractive index compared with the plasmonic structure on pre-epi GaAs substrate. The linewidth of PL is as broad as 45-nm in Fig. 4(d) due to the surface state density.
Carrier recombination from plasmon-coupled hole arrays on a 20 µm wet etched GaAs substrate at 77K
For the plasmonic structure on 20 µm wet etched GaAs substrate, when the sample is cooled down to 77K, the SHG spectral peak and BE spectral peak are constant with increasing input peak power as shown in Fig. 5(a) and 5(b) . The temperature dependent PL wavelength blue shifts to 827 nm (77K), following 2 ( ) 1.519 5.41 ( 204) g E T T T = − ⋅ + in eV for GaAs. The FWHM of SHG and BE spectra are constant at 20-and 10-nm with increasing input peak power as shown in Fig. 5(c) and 5(d) , respectively. The reduced linewidth of SHG and BE is due to the decrease of the nonradiative radiation and defects scattering at low temperature. Fig. 5 . At 77K, for the plasmon-coupled structure on a 20 µm thick GaAs substrate with surface defects by acid etching, the spectral variation of SHG and BE vs fundamental intensity in linear-log plots: (a) SHG spectrum keeps constant at 1030-nm with 2060-nm fundamental wavelength and (b) BE spectrum wavelength shows constant at ~827-nm with increasing fluences. Linewidth of SHG spectra (c) and BE spectra (d) are constant at 20-and 10-nm with increasing input peak power respectively.
Conclusion
GaAs filled subwavelength metallic hole arrays on a pre-epi GaAs substrate, pumped with a fs-duration near-infrared wavelength laser at 297K, produces SHG that saturates as a result of three-photon band-to-band and free carrier intraband absorption. Free carriers, excited by 3PA with the coefficient of 3PA ρ 3PA = 3.8 × 10 4 from each unit cell due to local field enhancement, induce refractive index change at high carrier concentration (10 20 /cm 2 ) which blue shifts and broadens the SHG resonance linewidth. The subwavelength periodic structure on a wet etched thin GaAs substrate with surface defects shows carrier recombination emission that shifts with excitation from low frequency (902-nm) to high frequency (886-nm) with fluences from 25-to 50-GW/cm 2 at 297K, resulting from a transition from nonradiative carrier recombination at the defected GaAs surface at low excitation to bimolecular recombination at high carrier concentrations.
